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Excitation Dynamics in Anisotropic Nanostructures of Star-Shaped CdS
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Unique starlike CdS particles were prepared from the lyotropic triblock copolymer solution system. The
starlike CdS consists of a spherical core and dozens of the attached conical nanolobes. From the comparative
studies with the spherical and rod-shaped CdS nanoparticles, the unique photophysical property is presented
for the starlike CdS patrticle. The experimental results suggest that the photogenerated charge carriers at the
tip-edge region of the conical nanolobe in the starlike CdS system diffuse into the thicker inner part including
the core region, which is possibly due to the decreasing excited state potential gradient from the tip edge to
the thicker inner part. This type of charge carrier diffusion dynamics from the surrounding to the thicker
inner part in this anisotropic morphology of the starlike CdS semiconductor closely resembles the energy
transfer dynamics in the organic dendrimers.

1. Introduction For a star-shaped semiconductor quantum particle, one can

. ) . . envision that the band-gap potential increases from the inner

Two-dimensionally (2D) confined nanostructures (nanowires) tpicker part to the tip edge of the quantum star particle due to
have recently been much attracted as one of the interesting targefno position-dependent gradual quantum size effect. In such
materials in nanoscience because the nanowire can pOtemia”yanisotropic quantum particles, it is expected that the photo-
pe utilized as a building block for the integrate_d nanoconstruc- physical properties also depend on the position within the
tions such as nanocomplexes and nanodevicesince the  paticle. In this study, we have investigated the photophysical
degree of confinement in one direction is different from those ,rqperties of the prepared starlike CdS nanostructure compared
in the other directions, the energetic properties of the anisotropic \ith those of the spherical and rod-shaped CdS nanoparticles.
2D confined nanostructures can be distinguished from those of 1is starlike CdS has a number of conical nanolobes attached
the isotropic quantum dot systems. Such an anisotropic featureyy 4 spherical core. The conical nanolobe is of the unique 2D
of the 2D confined nanostructures exhibits the distinctive optical qnfined system which has the gradual change of the degree of
and quantum transport propertfes. confinement. In the single conical nanolobe, different confine-

Recently, beyond the simple wire morphology, a variety of ment regimes coexist such as the strongly confined tip-edge
the anisotropic morphologies such as arrow, tear-drop, multipod, region, the weakly confined inner thicker part, and the longest
comblike, sea-urchin-like, and star shapes have been developeéxis region which does not experience the confinement. For the
on the nanometer scale with the semiconductors under thestarlike CdS, unprecedented photophysical properties, such as
controlled anisotropic growth conditions in aqueous solution the gradual change of the band-gap potential within the
and the gas phade’© Theoretical studies for the anisotropic  anisotropic conical nanostructure and the pseudodendritic pho-
semiconductor nanostructures revealed that the energetic propertodynamical diffusion, are observed in this anisotropic nano-
ties dramatically depended on the factors of size and sHdpe.  structure.
The lowest excited state is typically localized at the larger
dimension of the anisotropic nanostructures, which can be 2. Experimental Section
expected from the quantum size effect: For a semiconductor
with tetrapod morphology, the first electronic state is highly © : )
localized in the central regick. For another example of the been utilized for the preparation of various nanostructures such

heterojunctioned tetrapod semiconductor which consists of two &S Nanoparticles, nanorods, and hollow nanosphérésin this

or three types of the semiconductors with different band-gap Study. the triblock copolymer (Pluronic P123, EBO0EOz)
energies, the photogenerated charge carriers can be populatety@S utilized as a structure guiding assistant for the preparation
either at the same region or a different space region dependingOf the novel starlike CdS nanostructure in the aqueous solution
on the junction type of the semiconductor nanostructure: The Phase. To understand the structural and photophysical charac-
electrons and the holes are populated at the same region for thderistics of the starlike CdS which consisted of the sphere and

heterojunctioned type | semiconductor, whereas the electronsth® conical nanolobes, the spherical and rod-shaped CdS
and the holes are localized at different space regions for the Particles were additionally synthesized from the aqueous and
heterojunctioned type Il semiconductdr. ethylenediamine (EDA) solutions of the Pluronic P123 at

temperatures of 35 and 12@Q, respectively, for the comparative

2.1. Sample PreparationTriblock copolymers have recently
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Figure 1. FE-SEM images for the (A) starlike, (C) spherical, and (D) rod-shaped CdS. TEM images of (B) the conical nanolobe of the starlike and
(E) the rod-shaped CdS. The insets are SAED patterns of the conical nanolobe of the starlike and rod-shaped CdS.

P123 (purchased from Aldrich) and 1 mL of 15 M nitric acid camera system (Optronis Optoscope, temporal resolution of 2
were dissolved in 80 mL of distilled water. A 10 mL portion of  ps). The laser system provides the instrumental response function
an aqueous solution of 0.08 M Cd(N@4H,0 (purchased from (IRF) with a fwhm of ~23 ps which gives the detection limit
Kanto Chemical in Japan) and 5 mL of an aqueous solution of of <5 ps from the iterative deconvolution process. All samples
0.32 M thioacetamide (TAA, purchased from Acros) were added were excited at 315 nm which was generated with the Raman
into the triblock copolymer solution and then homogeneously shifter pumped by the fourth harmonic pulse at 266 nm.
mixed. This mixture solution was maintained for 10 h at’80
without agitation, which gradually gave a pale yellow solution 3. Results and Discussion
and changed to deep yellow and finally resulted in the orange-
yellow powder which was precipitated in the bottom of the  3.1. Structural Properties. The orange-yellow precipitate
sealed reaction flask. Temperature was maintained at 80 produced at 80C exhibits the novel starlike particles which
°C during the reaction. consist of the core with a diameter of 1430.2 um and the
Another reaction for the spherical CdS was conducted at 35 tens of conical nanolobes with a width 200 nm in fwhm
+ 2 °C with the same amounts of the chemicals utilized in the and the largest length of 600 nm (Figure 1A,B). The orange-
above reaction of the starlike CdS, which also produced the yellow precipitate synthesized at 3& shows the spherical
orange-yellow precipitate in the bottom of the sealed reaction particles with a diameter of 0.8& 0.15xm (Figure 1C), and
flask. The other reaction for the rod-shaped CdS was conductedthe bright yellow solid products from the hydrothermal condition
in the Teflon lined autoclave at 12@ 2 °C with the same  (120°C) show the rod-shaped morphology with a width 010
amounts of the chemicals utilized in the above reaction of the 15 nm and a length of 366600 nm (Figure 1D,E). All the
starlike CdS except for the solvent and the sulfur source. The products prepared from the triblock copolymer solutions show
EDA and the elementary sulfur were utilized as the solvent and the narrow size distribution. TEM images and selected area
the sulfur source, respectively, in the preparation of the rod- electron diffraction (SAED) patterns for the conical nanolobe
shaped CdS. This hydrothermal reaction produced the brightof the starlike and rod-shaped CdS present the characteristics
yellow precipitate in the bottom of the reaction vessel. All the of a highly crystalline hexagonal structure with a preferred
precipitates were repeatedly washed with distilled water and growth direction of the [001] axis (Figure 1B,E).
ethanol to remove residual chemicals, and the resulting powder For these interesting morphologies, X-ray diffraction patterns
products were dried overnight in an oven at&l are presented in Figure 2. The strong diffractions of the spherical
2.2. Instrumentation. The powder precipitates from the product show the well correlated pattern to the cubic phase
reactions were subjected to field emission scanning electron5-CdS (JCPDS card no. 10-0454) with the Miller planes of
microscope (FE-SEM, Hitachi S-4200), transmission electron (111), (220), and (311). The starlike product also presents the
microscope (TEM, JEOL 3011), powder X-ray diffraction diffraction peaks for the cubic phageCdS as well as the
(XRD, Mac Science M03XH®) measurements. Absorption additional weak diffraction peaks (marked with asterisks) which
spectra were obtained from a diffuse reflectance -Wis are closely matched with the Miller planes of (100), (101), and
spectrophotometer (Jasco V-550) equipped with an integrating (103) for the wurtzite hexagonal phase CdS (JCPDS card no.
sphere (Jasco ISV-469). Steady state emission spectra werét1-1049). On the basis of the TEM image and the electron
obtained from a spectrofluorometer (Hitachi F-4500). Temporal diffraction pattern of the conical nanolobe, these newly observed
emission decays were obtained by utilizing a mode-locked Nd: hexagonal diffraction peaks can be assigned to the conical
YAG laser (Continuum Leopard-D10, full width at half- nanolobes that are attached to the cubic spherical core. For the
maximum (fwhm) of 23 ps, pulse energy of b0) and a streak  rod-shaped product, the diffraction patterns are well matched
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26 Figure 3. Absorption spectra for the spherical, starlike, and rod-shaped
Figure 2. X-ray diffraction patterns for the (top) spherical, (middle) CdS at room temperature. The absorption spectra were obtained by
starlike, and (bottom) rod-shaped CdS. applying the KubelkaMunk function to the diffuse reflectance spectra.

with the wurtzite hexagonal phase CdS without the perceptible Therefore, the kinetic growth mechanism is responsible for the
diffractions corresponding to the cubic phase CdS. The observedformation of the anisotropic morphologies of the CdS patrticles
broadness of the diffraction peaks is due to the diffractional under the relatively high temperature and acidic conditions.
uncertainty which appears in nanometer sized particl&n Furthermore, since only spherical CdS was obtained from the
the other hand, the only diffraction peak at Z6i8 20 which acidic solution at 80°C without the Pluronic P123 triblock
corresponds to the (002) plane appears to be the narrow onecopolymer (Supporting Information Figure S3), it was consid-
Such a narrow diffraction peak is due to the elongated ered that the triblock copolymer molecules were also a
anisotropic nanostructure of the rod-shaped CdS with a preferredcontributing factor to the formation of the anisotropic CdS
growth direction of the [001] axi& particles. In the case of the CdS nanorod under hydrothermal
Previously, the anisotropic nanostructures such as nanorodsconditions, recent studies reported the importance of the
or nanowires were synthesized from aqueous solutions of thechelation of monodentate, bidentate, and tridentate ligands for
amphiphilic molecules utilized as structure assist&h8The the anisotropic growth of nanostructurég? Therefore, it is
similar formation mechanism possibly works for the formation considered that the chelating effect of the EDA molecules
of these nanostructures (starlike and rod) in the triblock additionally assists the formation of the observed highly
copolymer agueous solutions at temperatures of 80 and@20  crystalline nanorod.
although there may exist somewhat complicated molecular 3.2. Optical Properties.The structure-dependent absorption
interactions between the surfactant molecules and the inorganicspectra are presented in Figure 3. The absorption spectrum of
precursors. Under these temperature conditions, because théhe spherical CdS shows the absorption edge=30 nm, which
liberation of HS from the decomposition of TAA which is a is similar to the spectral pattern of the bulk CdS (band-gap
sulfur source is fast: the crystal growth is expected to be energy of 2.4 e¥*2%at room temperature). The starlike CdS
dominated by the kinetic growth mechanfsmvhich conse- shows a slightly blue-shifted absorption spectrum from that of
quently results in an anisotropic crystal morphology with a the spherical CdS, and the absorption spectrum for the rod-
preferred growth direction. However, this formation mechanism shaped CdS is further blue-shifted (Figure 3). Although the band
may not be effective at the low temperature (&9; since the gap of the bulk CdS with the hexagonal phase is known to be
liberation rate of the b5 from TAA is so slow at 35C, the very similar to that of the cubic phase C&#3he spectral blue-
crystal growth can be determined by the decomposition rate of shifting is still observed from the cubic sphere to the hexagonal
TAAZ? rather than by the anisotropic crystal growth rate of the rod via the starlike structure. It implies that the observed spectral
CdS. Therefore, the isotropic morphology (spherical CdS) is to shift is due to the confinement effect of the photoexcited carriers
be produced at 35C. (electrons and holes). Since the widths of the conical nanolobes
The similar crystal growth behavior was also observed in the and nanorods of the synthesized CdS are larger than the exciton
controlled condition of acidity for the formation of the CdS Bohr diameter of the bulk CdS (4&8 A)2728 the spatial
particles. The liberation rate of the,8 from the TAA also confinement effect for the photoexcited carriers is expected to
depends on the acidity of the reaction solution: The high acidity be weak?® Therefore, only the slight spectral blue-shift which
increases the liberation rate of the3Hfrom the TAA2! Under is not more than-30 nm (~0.14 eV) is observed. Furthermore,
reduced acidic conditions, therefore, it is expected that the it is noteworthy that the starlike CdS shows the gradually rising
kinetic growth mechanism is not the favorable one for the blue-shift of the absorption compared with that of the spherical
formation of the CdS particle. As expected, the spherical CdS, while the band-edge absorptions are similar in both the
morphology was observed from the reaction with the reduced structures. Such spectral characteristics of the starlike CdS
acidity even at a reaction temperature of 80 (Supporting suggest the existence of the unique band-gap potential which
Information Figure S1). On the other hand, even at the relatively gradually increases as the potential dimension changes from the
lower reaction temperature 3&, the anisotropic morphology  core region to the tip edge of the conical nanolobes.
of the flowerlike CdS was obtained from the reaction solution ~ From the steady state emission spectra for the series of the
with the increased acidity (Supporting Information Figure S2). CdS nanostructures, it is observed that the emission bands are
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TABLE 1: Lifetime Components for the Emission Decays of
2% v the CdS Nanostructures at Room Temperaturé
430 §aof o 10000 mean lifetime
8 e | 000 sample Adet(NM) rise (ps) (&0 (ps)
500 £ 10 A spherical CdS 470 <5
50ps 530 15
0 [ 600 570 15
550 400 450 500 550 600 650) starlike CdS 430 6
Wavelength (nm) - 4000 480 12
530 20
600 L 2000 570 ~5 40
600 ~5 75
650 n rod-shaped CdS 450 18
530 38
450 %40 L 10000 570 59
€% aThe recombination decays consist of the multiple lifetime com-
3 % 20 ' L soo0 & ponents due to the diverse recombination paths; therefore, the recom-
£ 500 £ 5 bination lifetime is simply shown as the mean lifetiniél]. The mean
) i m | 6000 = lifetime is deduced as follows{zO= Y Ar%Y AT, in which the
8 o = § parameters are estimated from iterative least-squares deconvolution
s 550 400/450/500 550 800 650 Fi fitting of the emission decays with the expressigt) = Aeta +
2 Wavelength (nm) - 4000 E Ae U2 + __: I(t) is the time-dependent emission intensifyjs the
600 amplitude, and is the lifetime.
L 2000
surface electronic state could easily be saturated and, therefore,
650 0 the emissions from the direct and/or shallowly trapped states
would be dominantly appearé832similar to the results of the
450 [ 10000 time-resolved emissions in this study.
From the time-resolved emissions, as the particle dimension
500 p 8000 decreases from the spherical to rod-shaped CdS, the emission
spectrum is shifted as much @20 nm to the short wavelength
[ 6000 region (Figure 4). The spectrum for the starlike CdS interestingly
50 appears to be the convoluted one of the emission spectra of the
[ 4000 spherical and rod-shaped CdS. For these CdS particles, the
600 000 emission spectra observed at room temperature show a some-
what broad pattern with a fwhm of 0.3®.45 eV. Such broad
spectra are possibly attributed to the various recombination paths

50 0 50100150 -20 0 20 40 60 80 100 120 140 for the photogenerated carriers in the Cd8%e size distribu-

tions, and the convoluted spectrum in the case of the starlike
CdS. Therefore, it is typically expected that they have the broad
spherical, (B) starlike, and (C) rod-shaped CdS particles at room distribution of the lifetimes depending onthe re_spfective e_mis_sion
temperature. (left) Two-dimensional images from streak camera are states. Therefore, as shown 'n_ Te_‘ble 1, the d'_St”bUted l'fe_t'mes
shown in time and wavelength. (right) The time-resolved emission are presented to be the mean lifetimes depending on the different
decays are presented at the selected wavelengths, as indicated by thdetection wavelengthslde). The interesting point is that the
color arrows in the corresponding emission spectra. The insets showrod-shaped CdS shows relatively longer recombination lifetimes
the selected emission spectra detected at three transient times of 0, 2%han those observed in the spherical one. There can be two
and 50 ps. All emission decays for the CdS particles are distinguishable ,,,siple origins for the recombination rate change in a reduced
from the instrumental response function (IRF) with a fwhm value of . . . . .
~23 ps, which is presented as a black dotted line. size of_ser_mconductor nanostructure: One is the increased
recombination rate (shorter lifetime) which is due to the
dominantly located at a shorter wavelength region than 600 nm enhanced coupling between the spatially confined charge carriers
(Supporting Information Figure S4). The previous reports (electron and hole) in a strongly confined systéf, and the
assigned the similar band-edge emission to the direct excitonother is the decreased recombination rate (longer lifetime) which
recombination and/or the shallowly trapped exciton recombina- is caused by the reduced phonon coupling to the quantized
tion for CdS2%39The emission originating from the surface trap electronic state®® 38 Therefore, the decreased recombination
states, which are typically ranged in the spectral region-600 rate (longer lifetime) observed in the CdS nanorod is plausibly
800 nm?3°3lalso appears in a weak intensity. However, the laser ascribed to the reduced optical phonon coupling during the
induced time-resolved emission spectra show the core statecarriers’ recombination processes.
emissions which are dominantly located near the band gap, while For the novel starlike CdS complex which consists of the
the surface state emission is not prominent in the spectral regionspherical core and the attached conical nanolobes, an intense
600-670 nm within a time window of 400 ps (Figure 4 and peak centered at530 nm with a shoulder at+480 nm is
Supporting Information Figure S4). Such suppressed surfaceobserved. Since the intense peak and the left shoulder are
state emissions in the laser induced time-resolved emissionsimilarly positioned with the respective emissions of the
spectra are possibly ascribed to the high photon intensity of spherical and rod-shaped CdS, it may be proposed that the
the laser excitation source compared with the low intensity of intense center and the left-shoulder emissions are attributed to
the Xe-lamp excitation source utilized for the steady state the spherical core and the conical nanolobes of the starlike CdS,
emission. With the high intensity of laser excitation, it was respectively. Since the left-shoulder emission originates from
reported that the deeply trapped emission state such as thehe recombination processes within the conical nanolobes of

Time (ps) Time (ps)
Figure 4. Picosecond time-resolved emission decays for the (A)
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the starlike CdS, a longer recombination lifetime is expected much longer for the photoexcited holes than that for the
for the left-shoulder emission due to the less optical phonon photoexcited electrons. In the starlike CdS system, therefore,
coupling, compared with the emission lifetime detected at the the temporal density gradient map seems to exist for the
intense center emission band which originates from the emissionphotogenerated charge carriers between the tip-edge part of the
states in the spherical core. However, contrary to this expecta-conical nanolobe and the thicker inner part including the core
tion, the observed recombination lifetimes 6 and 12 ps for the of the starlike CdS right after the photon irradiation: In respect
left-shoulder emissions at 430 and 480 nm are shorter than theof the transient dynamics, it is carefully suggested that the
lifetime 20 ps for the intensive center emission at 520 nm. Such photogenerated electrons can be more easily found at the inner
an unexpected result implies that the carriers’ relaxation part of the larger dimension and the smaller band-gap energy,
dynamics within the conical nanolobes seems to experience thewhereas the photogenerated holes can be found more at the tip
other pathway rather than the optical phonon coupled recom- edge of the conical nanolobe of the smaller dimension and the
bination process. As the possible dynamics, it can be suggestedarger band-gap energy.

that the diffusion of the photoexcited charge carriers (electron

and hole) occurs from the tip edge of the conical nanolobes to 4. Conclusions

the thicker inner part including the core of the starlike CdS. In summary, we have investigated the photophysical proper-
For this unique 2D confined nanostructure of the conical ties of the newly synthesized starlike CdS, which was prepared
nanolobe, the quantum size effect provides the qualitative picturefrom the lyotropic triblock copolymer solution. The starlike CdS
for the band-gap potential. The conical shape has a moreshows the photogenerated charge carriers’ diffusion from the
complicated feature of the confinement effect than the cases oftip edge of the conical nanolobes to the thicker inner part
the simple quantum dots and rods. On the basis of the quantumincluding the core, likely as the light-harvesting system of the
size effect, it is expected that the band-gap potential is varied organic dendrimer. Furthermore, it is expected that the photo-
with the vector directions in the conical nanolobe: The potential excited holes are more populated at the tip-edge region during
band gap in the lateral dimensiory-directions, as shown in  the light irradiation due to the expected mobility difference
Figure 1B) around the nanolobe axis gradually increases with between the holes and the electrons over the gradient potential
decreasing lateral dimension, of which the potential band gap surface which depends on the quantum nanostructure. These
has the highest value at the tip edge, while the longer axis ( unique features of the charge carriers’ diffusion and the temporal
direction, as shown in Figure 1B) along the conical nanolobe density gradient in the designed anisotropic semiconductor
has a somewhat insensitive potential energy gap. Such differentnanostructure may provide an intuitive protocol for further
degrees of the confinement in the starlike CdS are the reasonsinderstanding and development of the complicated nanomate-
for the gradual rise in the absorption spectrum toward that of rials and nano-biological systems.
the hexagonal nanolobe. Therefore, the charge carriers’ diffusion
can be realized in the decreasing band-gap potential gradient Acknowledgment. This work was financially supported by
with the change of the lateral dimension from the tip edge to a National Research Laboratory (Grant No. M1-0302-00-0027)
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um). This type of carrier diffusion from the outer surrounding
part to the thicker inner part including the core along the
decreasing band-gap potential closely mimics the unique feature (1) Huang, M. H.; Mao, S.; Feick, H.; Yan, H.; Wu, Y.; Kind, H.;
of the energy transfer which is typically observed in organic Weber, E.; Russo, R.; Yang, Bcience2001, 292, 1897.
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H H : H H m. em. S0 .
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